Aims. We study the optical spectroscopic properties of Type Ia Supernova (SN Ia) 2004dt, focusing our attention on the early epochs. Methods. Observation triggered soon after the SN 2004dt discovery allowed us to obtain a spectrophotometric coverage from day −10 to almost one year (∼353 days) after the B band maximum. Observations carried out on an almost daily basis allowed us a good sampling of the fast spectroscopic evolution of SN 2004dt in the early stages. To obtain this result, low-resolution, long-slit spectroscopy was obtained using a number of facilities. Results. This supernova, which in some absorption lines of its early spectra showed the highest degree of polarization ever measured in any SN Ia, has a complex velocity structure in the outer layers of its ejecta. Unburnt oxygen is present, moving at velocities as high as ∼16,700 km s −1 , with some intermediate-mass elements (Mg, Si, Ca) moving equally fast. Modeling of the spectra based on standard density profiles of the ejecta fails to reproduce the observed features, whereas enhancing the density of outer layers significantly improves the fit. Our analysis indicates the presence of clumps of high-velocity, intermediate-mass elements in the outermost layers, which is also suggested by the spectropolarimetric data.
Introduction
Type Ia supernovae (SNe Ia) are thermonuclear explosions of white dwarfs (WDs) mostly originating from ignition of carbon close to the center of the star when it approaches the to merge in less than the Hubble time (Napiwotzki et al. 2004) ; searches for semidetached SD systems where a WD close to the Chandrasekhar mass is growing by accretion (Maxted, Marsh, & North 2000) ; and finally searches for traces of hydrogen (whether deposited on the surface of the exploding WD, residing in an accretion disk, stripped of the companion, or present as circumstellar material) in early SNe Ia spectra (Lundqvist et al. 2003) . A more direct approach, which is based on a possible identification of the surviving companion of the WD in the central regions of the remnants of the Galactic historical SNe Ia, would also support the SD scenario (Ruiz-Lapuente et al. 2004) .
Concerning the explosion mechanism, there is general agreement that explosive thermonuclear burning starts near the center of the WD and first propagates subsonically outwards (deflagration). There is strong debate, though, on whether subsonic burning alone can produce both explosions with the typical SNe Ia energies and the chemical stratification revealed by the time sequence of SNe Ia spectra (avoiding, in particular, excessive mixing of unburnt carbon and oxygen within deep layers of the SN ejecta: see Reinecke, Hillebrandt & Niemeyer 2002; Gamezo et al. 2003) . Transition to detonation (supersonic burning propagated by a shock wave) has been invoked when burning reaches layers with densities low enough to burn only partially when they detonate (delayed detonation). This takes place either in a spherical shell (Khokhlov 1991) or in a point (Livne 1999) , but it has to be triggered artificially in current numerical simulations. Such detonations leave none or little of the carbon and oxygen unburnt. Recent 2-D simulations have shown a detonation forming in the outer layers of an exploding WD when a hot plume rising from an off-center ignition spreads over the surface and sweeps the unburnt material that, when confined by the strong gravitational field, converges to a point (Plewa, Calder & Lamb 2004) . Nevertheless, subsequent 3-D simulations do not support this hypothesis, even if detonation, triggered by other mechanisms such as a pulsation or spontaneous detonation if the turbolent energy is high enough, is not completely ruled out (Röpke, Woosley & Hillebrandt 2006) .
From the observational point of view, much can be learned about the explosion mechanism from the detailed structure of the layers that are just below the surface of the WD when it explodes. This material becomes rapidly transparent as the SN ejecta expand, and a series of early-time spectra is thus required for studying this phase properly. A recent analysis of the distribution of the abundances in a large sample of SNe Ia (Mazzali et al. 2007) suggests that the properties of most, if not all, SNe Ia can be explained by a single explosion scenario, the delayed detonation. Pre-maximum spectropolarimetry of 17 SNe Ia analyzed by Wang, Baade & Patat (2007) strongly corroborates the delayed detonation model. Spectra of SN 2004dt taken about 10 days before maximum light show a high degree of polarization across some lines (Wang et al. 2006) , with Si  displaying the strongest polarization (∼ 2%) while O  is hardly polarized. The velocity structure is also complex (already noticed by Patat, Pignata & Benetti 2004) , with O , Mg , Si , and Ca  moving at high velocities 1 while S  and Si  appear significantly slower. This, together with the polarization data, suggests the presence of an almost spherical O layer with intrusions of intermediate-mass elements. While the finger-like structure is typically found in pure deflagration models of the explosions, Kasen & Plewa (2005) interpret the presence of Ca  moving at high velocities as a signature of the deflagration products brought to the surface by the rising plume in the model of Plewa, Calder & Lamb (2004) , which are compressed and accelerated by the SN ejecta after the detonation has been triggered. The expansion velocity of the strong Si  absorption, starting from ∼16,000 km s −1 at about 10 days maximum light and decreasing fast with time, also suggests that SN 2004dt is a high-velocity gradient (HVG) event (see Benetti et al. 2005) , as confirmed by a preliminary photometric analysis, and similar to other SNe such as SN 2002bo , its twin SN 2002dj (Pignata et al. 2005) , SN 2002er Kotak et al. 2005) , and SN 2005cf (Pastorello et al. 2007; Garavini et al. 2007) , which have been extensively observed within the same scientific project: "The Physics of Type Ia Supernova Explosions, a European Research Training Network" 2 (RTN), carried out by the European Supernova Collaboration (ESC, Benetti et al. 2004) .
Here we present a series of optical spectra of SN 2004dt, from more than one week before maximum light to almost one year after, focusing our attention on spectra obtained at early epochs. This is a subsample of the whole data set collected for SN 2004dt on behalf of the RTN program. The complete data set includes optical and infared photometric data (UBVRI photometry, 58 nights, from -10 to +500 days since B maximum; JHK photometry, 18 nights, from -8 to 357 days since B maximum); and optical and infrared spectroscopy (32 nights in the optical range, from -10 to 353 days and 5 nights in IR, from -5 to +16 days since B maximum), which will be analyzed and discussed in a forthcoming paper. We examine here the peculiarities of SN 2004dt as inferred from the shape and velocities of the spectral features before maximum and attempt to model the spectra from 1-D hydrodynamical models of the explosion. We find that the best fits are obtained when we artificially raise the density of the outermost layers, reinforcing the idea that both the velocity struc-1 A distinction should be made between high-velocity features that persist through the optical maximum and the "high-velocity features" (HVFs), as the the Ca  IR triplet, commonly seen at very early epochs (∼ 10 days before maximum light). The high velocities characterizing these features, much higher than the photospheric velocities, suggest that these lines (or a component of the photospheric line if not detached) originate above the photosphere and that they are a different phenomena from to the normal photospheric absorption features. As discussed by Tanaka et al. (2006) , HVFs may be the result of density and/or abundance enhancements produced by the explosion itself or by the interaction of the SN with the circumstellar material (in this hypothesis high mass-loss rates are required for the progenitor) or with an accretion disk (the absence of hydrogen lines in the early spectra weaken this model, but see Gerardy et al. 2004 and Mazzali et al. 2005b ). The Ca  IR HVF is nicely explained within the gravitationally confined detonation (GCD) model by Kasen & Plewa (2005 • 05'51".5, J2000) was discovered on August 11.48 UT by Moore & Li (2004) on behalf of the LOSS/KAIT 3 (Filippenko et al. 2001) , in the spiral galaxy NGC 799, 7".0 East and 10".5 North from the galaxy nucleus (see Fig. 1 and Table 1 for the main parameters of SN 2004dt and its host galaxy). Spectra of SN 2004dt were obtained immediately on August 12.72 UT at the ANU 2.3-m telescope (Salvo, Schmidt & Wood 2004 ) and on August 13.17 UT at the Calar Alto 2.2-m telescope (Patat et al. 2004 ). On the basis of these spectra, the candidate was classified as a young Type Ia with some unusual features (Salvo et al. 2004; Patat et al. 2004) . The proximity of the host galaxy (z=0.01973, Theureau et al. 1998) , the early epoch of the discovery, the peculiar spectral features, the good position of the SN, easily observable from both the northern and southern observatories for a long period (the host galaxy had just appeared from behind the Sun), made SN 2004dt a good target for the ESC. For these reasons targetof-opportunity (ToO) observations were immediately triggered. Later on, observations were carried out either in service or in target-of-opportunity mode, using the configuration available at the requested time. Spectroscopy and imaging were carried out at several sites using a number of different instrumental configurations. Table 2 contains the log of the spectroscopic observations. Data reduction was performed using standard IRAF 4 procedures for long-slit spectroscopy. All images were biassubtracted and then flat-field corrected using dome flats. The background was interpolated by fitting the region on both sides of the spectrum with a low-order polynomial and then subtracted. Extractions were usually weighted by the variance based on the data values and a Poisson/CCD model using the gain and readout noise parameters 5 . Spectra were wavelength-calibrated by means of reference arc spectra, and the resulting wavelength-calibrated spectra were checked by measuring the position of known bright-night skylines (usually the [OI] lines at λ5577 Å and λ6300 Å). Small discrepancies have been corrected by applying a rigid shift in order to match the skylines wavelengths. The spectra were flux-calibrated using a spectroscopic standard star ob-served with the same telescope setup and reduced as was the supernova itself. If spectrophotometric standard stars were not available for a given epoch, response curves obtained for the same telescope/instrument in another night close in time were used. The flux calibration was then checked against the photometry and, when necessary, spectral fluxes were scaled to match the photometric data. Partial correction for atmospheric absorption was also applied. Multiple spectra of the SN obtained in the same night were combined in order to improve the signal-to-noise ratio and almost simultaneous spectra covering different but overlapping spectral ranges were merged together in a single, more extended spectrum. When the observing conditions were not photometric, spectra covering different wavelength ranges were scaled to match in the overlapping region.
There was good pre-maximum spectrophotometric coverage, which is one of the main goals of the European Supernova Collaboration. In fact, soon after the explosion, Type Ia SNe show differences that are bigger than those at later phases, hence early observations can provide useful hints for understanding the nature of the progenitors and the explosion mechanism. The spectral evolution of SN 2004dt from day -10 to day +1 is shown in Fig. 2 , while the postmaximum spectral evolution is shown in Fig. 3 . The good temporal coverage al- lows us to follow the fast evolution at early times on a daily basis. Early spectra exhibit an unusually broad and asymmetric Si  λ6355 Å feature, analogous with SN 2005cf (Garavini et al. 2007 ), which gradually shifts to the red and becomes narrower at later phases. Strong absorption features identified as Ca , S , Mg , and O  are also evident. A more careful analysis shows that almost all absorption troughs, except for the S  λλ5454, 5640Å, and Si  λ4565 Å, are highly blueshifted, as discussed in details in Sect. 4. A possible line identification coming from the spectral modeling is shown in Sect. 5.1.
Light-curve parameters
The photometric evolution of SN 2004dt will be discussed in detail in a forthcoming paper, while here we report some preliminary estimates of the relevant photometric parameters. A preliminary analysis of the optical light curves gives B max = 15.33 ±0.02 on Aug. 22 nd (JD = 2453240.3 ±0.5). The decline rate after maximum is ∆m 15 (B) = 1.21 ± 0.05. After the correction for the Galactic extinction (A B = 0.109 mag, as measured by Schlegel, Finkbeiner & Davis 1998) , we obtain (B−V) max = −0.03±0.02, corresponding to E(B−V) max = 0.04±0.04, which is consistent with negligible reddening. This is derived from the relation (B − V) max = 0.09(±0.08) × (∆m 15 − 1.1) − 0.08(±0.03), (Altavilla et al. 2004) , which gives (B − V) max = −0.07 ± 0.04. According to the Lira relation (Lira 1995), we find E(B − V) tail = 0.11 ± 0.03. The weighted average color excess is E(B − V) avg = 0.08 ± 0.05. The discrepancies between the two values of the color excess can be due to the SN spectroscopic peculiarities that affect the color evolution and make the usual reddening law fail or lose accuracy. The absence of clearly detectable Na  D lines in the spectra supports the hypothesis of a small reddening, if any. In this case the absolute B magnitude at maximum would be B max ∼ −19.4 (H 0 = 70 km s 1 Mpc −1 ). 
Expansion velocities and spectral properties derived from early spectra
By looking at the early spectra, the peculiar large, asymmetric and flat-bottomed Si  λ6355 Å feature is immediately evident. The comparison of the SN 2004dt spectrum 10 days before maximum with SN 1994D (Patat et al. 1996) at the same epoch shows the peculiarity of the SN 2004dt spectrum and a high blue shift of the Si  λ6355 Å becomes evident, too (Fig. 4) . The analysis of the very early (epoch ∼ −10) spectrum gives the following results. A strong absorption, measured at λ3930 Å, was initially identified as C  λ4267 Å (Mazzali 2001; Branch et al. 2003; Thomas et al. 2007) , implying an expansion velocity of about 23,700 km s −1 . In this hypothesis the other intense C  λλ6576 − 6583 Å transitions are blended with the Si  λ6355 Å, which indeed appears very broad and intense and has an asymmetric absorption trough. On the other hand, there was no strong evidence of the C  λλ7231, 7236 Å line (this line, however, is expected to be much weaker, Mazzali 2001) . A second hypothesis was that the λ3930 Å feature was a strong absorption typically attributed to Si  λλ4128,4131Å (Pskovskii 1969) , implying an expansion velocity of about 14,500 km s −1 . Synthetic spectra (see Sect. 5) can reproduce the observations The Si  λ6355 Å minimum at 6000Å gives an expansion velocity of about 16,700 km s −1 and the O  λ7773 Å line (whose minimum is at 7340Å) also gives a similar expansion velocity of 16,700 km s −1 . The Si  λ6355 Å expansion velocity measured for SN 1994D at similar epochs (Patat et al. 1996 ) is significantly lower: ∼ 14, 000 km s −1 at -11 days and ∼ 13, 000 km s −1 at -10 days. The Ca  H&K line is characterized by a velocity of about 22,500 km s −1 , equal to the Ca  H&K velocity measured for SN 1994D at day -10. In Fig. 6 , the Si  λ6355 Å velocity evolution is shown and compared with those of other SNe Ia. The fast decline in the Si  velocity is evident, and corresponds to a decline rate ofv = 160 ± 15 km s −1 d −1 , wherev = −∆v/∆t is the average daily rate of decrease in the expansion velocity after maximum ). Lentz   Fig. 6 . The Si  λ6355 Å expansion velocity evolution as deduced from the position of the absorption minimum, compared with other SNe and with the expected evolution for different metallicities (solid line, top: ×10 solar metallicity; middle: ×1; bottom: ×0.1) obtained by Lentz et al. (2000 Lentz et al. ( ). et al. (2000 computed the Si  λ6355 Å expected velocity evolution in SNe Ia by varying the metallicity in the C+O layer in the standard deflagration model W7 (Nomoto, Thielemann & Yokoi 1984; Thielemann, Nomoto, & Yokoi 1986) . The expected trends for 3 different metallicities are also shown in Fig.  6 . The high expansion velocity of SN 2004dt, as well as those of SN 2002bo or SN 1984A, cannot be reproduced even with unreasonable high metallicity values, since the unmixed W7 model predicts no Si at velocities higher than ∼ 15, 000 km s −1 . The evolution in time of the Si  λ6355 Å line shape is shown in Fig. 7 . The line shows a wide flat-bottomed profile until some days past maximum, the first spectrum with a narrower profile being the one taken at about 2 weeks past maximum. In Fig. 8 the Ca  H&K velocity evolution is shown and compared with those of other SNe Ia. However, the Ca  H&K feature could be dominated by the blended Si  λλ3856,3863Å line, while the Si  λ4130 Å is well-separated. In this case, the corresponding Si  λλ3856,3863Å velocity is significantly lower (≤ 16, 150 km s −1 ) than the one computed for Ca  H&K, and more like to the Si  λ6355 Å values, thus supporting this hypothesis. Moreover, the comparison of the spectra with a theoretical model (discussed in Sect. 5) reinforces this second hypothesis. Ca  H&K contamination by Si  has already been suggested by Kirshner et al. (1993) , who pointed out that the Si  λ3858 is fainter, but comparable, to the Ca  H&K feature, and by Nugent et al. (1997) , who suggested that the "split" just blueward of the Ca  H & K feature visible in both the observed spectrum at maximum of SN 1994D and the corresponding W7 synthetic spectra, could likely be explained by a blend with Si  λ3858. Lentz et al. (2000) confirmed the identification of the blue wing with the Si  line. Several other SNe, as for example SN 1990N, SN 1996X, and probably SN 1998bu, and SN 2003du show this contamination, too (Stanishev et al. 2006) . SN 2004dt expansion velocities for Si  λ6355 Å, Si  λλ3856,3863Å, and Ca  H&K are tabulated in Table 3 . The large uncertainties are mainly due to the wide and flatbottomed profile of the lines. The Si  λλ5958,5979Å feature gives an expansion velocity of ∼ 14, 300 km s −1 , and if we assume the line at 4395Å to be Si  λ4565 Å, we obtain a lower velocity: 11,200 km s −1 (to be compared with the ∼17,000 km s −1 of the Si  λ6355 Å). If the Si  identification is correct, it could be proof of high ionization temperature in the ejecta. The Mg  λ4481 Å minimum gives an expansion velocity of 17,900 km s −1 , similar to the other HVFs. The S  λλ5454,5640Å (the typical "W" feature) gives a velocity of about 12,000 km s −1 , significantly lower than what is measured for the Si  lines. The evolution of this feature with time is shown in Fig. 7 ; it can be followed until ∼4 days after maximum and has disappeared in the next available spectrum taken about 2 weeks after maximum. The lower velocities measured for Si  λ4565 Å and S  λλ5454,5640Å suggest that these ions are mainly present in a lower-velocity region with respect to Si , Ca , O , and Mg . The S  λ5454,5640Å velocity evolution is shown in Fig. 9 . Interestingly enough in this plot, SN 2004dt is not one of the Fig. 9 . The S  λ5640 Å expansion velocity as deduced from its minimum, compared with those of other SNe. extreme objects as in the previous plots (Fig. 6, 8) , and it is quite similar to SN 2002er, and SN 1994D (see also Fig. 4 ).
The Ca  IR triplet gives a velocity of about 16,500 km s −1 , but there is a hint of a bluer component whose minimum at ∼ 8000 Å corresponds to an expansion velocity of 21,000 km s −1 . These values can be compared to the velocity measured for the two components and at similar phases for SN 2002dj (17,700-27,600 km s −1 at -11 days), SN 2001el (17,100-23,800 km s −1 at -9 days), SN 2003du (15,500-22,500 km s −1 at -11 days), SN 2003kf (12,600-23,500 km s −1 at -9 days), SN 2002er (15,600-23,100 km s −1 at -7 days), SN 2002bo (14,900-22,100 km s −1 at -8 days), and SN 2003cg (12,700-22,000 km s −1 at -8.5 days) (data from Mazzali et al. 2005a) . Like SN 2004dt, all these objects show HVFs in the Ca  IR triplet. HVFs are best detected in very early spectra (earlier than ∼ 1 week before B maximum) in the Ca  IR triplet but also in the Si  λ6355Å line. They are supposed to arise from abundance or density enhancements (see Sect. 5).
As shown by Nugent et al. (1995) , there is a correlation between the ratio R(Si ) of the depth of the Si  λ5972Å and Si  λ6355Å absorption troughs near maximum with the decline speed of the B light curve (i.e. the luminosity), in the sense that higher values of R(Si ) correspond to subluminous, fastdeclining events (but the correlation fails for ∆m 15 (B) 1.2, Benetti et al. 2004 ). We measured R(Si )∼ 0.16 (day +1). This value, together with the estimate of ∆m 15 (B) = 1.21 falls within the HVG supernova area in the R(Si )−∆m 15 (B) plot (Fig. 10 , see also Benetti et al. 2005 ). This result is also confirmed by thev − ∆m 15 (B) plot (Fig. 11 , see also Benetti et al. 2005) in which the HVG, low-velocity gradient (LVG) and faint SNe are separated better than in Fig. 10 .
This plot shows that SN 2004dt has the highestv in our sample (v = 160 ± 15) 6 . Also, the evolution of R(Si ) (Fig.  12) is very similar to the HVG SNe as shown in Benetti et al. (2005) . In conclusion, SN 2004dt seems to belong to the "high-velocity" SNe Ia, such as SN 2002bo ), SN 2002dj (Pignata et al. 2005 or SN 2002er (Kotak et al. 2005; Pignata et al. 2004) . Nevertheless, SN 2004dt also shows some peculiarities with respect to the HVG SNe (Fig. 5, Fig. 7 left panel) , in particular the Si  (λ6355) feature remains broader and probably visible for a longer time than for most of HVG SNe (> 28d). However, even if they are evolution can be affected, as mentioned in Sect. 3 (see also Benetti et al. 2004 ).
Even if the present work is focused on the early spectral evolution, it is worth short comment here on the very last spectrum in our sample, taken almost one year after maximum (day +353). At this phase, when the ejecta have become thin and transparent to radiation, spectra are usually dominated by the strong emission lines of Fe [] and Fe [] originating from the radioactive decay of 56 Ni into stable 56 Fe through 56 Co (Kuchner 1994) . Figure 13 shows the comparison of a late spectrum of SN 2004dt with spectra of other SNe at a similar phase (SN 1996X, Salvo et al. 2001 SN 1986G, Cristiani et al. 1992 SN 1991T, Gómez & López 1998 SN 1998bu, Cappellaro et al. 2001 SN 1992A, ESO+Asiago SN archive; SN 2002bo, ESO+Asiago SN archive, Benetti et al. 2004 . In spite of the paucity of Fe-group elements observed at early epochs, as discussed in Sect. 5, this nebular spectrum apparently shows all the expected iron features, suggesting that iron-group elements were prevalent in the inner layers. At late phases SN 2004dt, resembles SN 2002bo , which is in fact another HVG SN, but it also shows some peculiarities that deserve further investigation, such as the λ ∼ 4400Å feature that is particularly strong. The late spectral evolution of SN 2004dt will be analyzed and discussed in more detail in a forthcoming paper.
Spectral modeling
The availability of early SNe Ia spectra, whose number is increasing thanks to observational efforts, such as the ones performed by the European Supernova Collaboration, shows that the high-velocity line features are quite common in SNe Ia (Mazzali et al. 2005a; Benetti et al. 2005; Garavini et al. 2007 ), but most objects only show high-velocity components in some lines, preferentially in Si  and Ca  lines. SN 2004dt seems to be an extreme case. All lines of the early time spectra, except for sulfur, have prominent high-velocity absorptions. Even O  is strongly affected, which is very unusual. In order to find physical explanations of these aspects from a more theoretical point of view, spectral synthesis calculations were performed. We used a Monte Carlo code to calculate synthetic spectra. A detailed description of the code can be found in Abbott & Lucy (1985) , Lucy (1993), and Lucy (1999) . Another extension of the Abbott & Lucy's (1985) code was developed for premaximum spectral analyses of SNe Ia (Ruiz-Lapuente 1992a; Ruiz-Lapuente et al. 1992b) . Recently, the Lucy (1999) code was enhanced in order to derive the distribution of abundances in SNe Ia ejecta allowing detailed supernova tomography (Stehle 2004; Stehle et al. 2005) .
Here the analysis is focused on an early spectrum and on another one near maximum light. The early epochs are bestsuited to examining the outer parts of the ejecta, hence the high-velocity components of the absorption lines. Since the (Schmidt et al. 1994; Cappellaro et al. 2001) . Spectra have been normalized and shifted for clarity. The phase with respect to the maximum of the B light curve is shown close to the name. SN 2004dt spectrum has been slightly smoothed.
SN ejecta have not yet expanded very much, the outer layers are still dense enough to produce significant absorptions.
Models for both epochs are initially based on the W7 density profile (Nomoto et al. 1984) , which is taken as the standard departure model. The bolometric luminosity, the radius of the inner boundary ("photosphere"), and the abundances are determined iteratively to achieve the best match to the observed spectrum.
Standard density profile
The spectrum at day -9.6 is chosen for modeling the early epoch. As shown in Fig. 2 , it is the earliest spectrum that covers a large wavelength interval, from the UV to the near IR. Input distance (µ = 34.61) was taken from the Lyon-Meudon Extragalactic Database 7 , other input parameters, like the time since explosion (t exp = 9.1 d) and reddening (E(B − V) = 0.00 8 ), were derived from the observations. The dashed line in Fig. 14 shows the best-fitting model. The derived luminosity is log 10 L = 42.87 (erg s −1 ), and the photospheric radius is located at 14,500 km s −1 . To account for the high-velocity components, three shells in the outer layers -at 18,000, 20,000, 7 http://cismbdm.univ-lyon1.fr/∼leda/ 8 due to the discrepancies in the observed reddening discussed in Sect. 3 and the absence of clearly detectable Na , we assumed the reddening to be negligible. Two discrepancies between the model and the observations are evident: first, except for the S  W-feature, all synthetic lines are redder than the observed ones, or at least lack absorptions in their blue wings. Second, there is almost no Si  absorption at 5970 Å, and the Si  line at 4560 Å is too strong, which suggests that the model temperature is too high. The Si  lines are formed near the photosphere, where the temperature is very high, while Si  lines are formed farther out, where the temperature is lower. Using a standard density profile leaves too little mass in regions above ∼ 15, 000 km s −1 to produce significant absorptions. Oxygen is singly ionized at low velocities, but the strong O  line at 7772 Å is absent in the model, due to the low density at velocities ∼ 17, 000 km s −1 , where its main observed absorption occurs. Only the S  W-feature (∼ 5630 Å) can be reproduced fairly well. These lines are comparably weak and are formed near the photosphere. Therefore, they do not show significant high-velocity absorption.
The maximum light spectrum was assumed to have an epoch from explosion of t exp = 17.7 d. The photospheric velocity had decreased to 9200 km s −1 , so the model luminosity was determined to be log 10 L = 43.04 (erg s −1 ). Figure 15 shows that the original W7 model (dashed line) behaves as at the early time. The overall flux shape is reproduced well, but most lines are too weak compared with the observed spectrum. Again, the temperature near the model photosphere is high enough that Si, Mg, and Fe are doubly ionized. Therefore, the transitions of singly ionized species are too weak in the synthetic spectrum, seen best in Si  λ3860 Å, 4130 Å, and 6355 Å. Consequently, the Si  λ4560 Å line is too strong compared with the observed one.
The two spectral synthesis models show that the deep, blue-line absorption cannot be reproduced by simply increasing the abundances, especially because HVFs affect not just a few lines but almost all lines -including O  λ7772Å. Since more absorption at higher velocities is necessary and increasing the abundances in the outer regions is not sufficient, the other possibility is to increase the density. Plausible reasons for an enhanced density are be discussed later.
Enhanced density profile
To improve the models, the density at high velocities was increased in steps until the line absorptions could be reproduced both in depth and velocity. Furthermore, attention was paid to keeping the density profile smooth and similar to the original shape of the W7 profile. We also tried to keep the abundances at reasonable values, i.e. similar to the values that apply to other "normal" SNe Ia. The best match was achieved by adding 0.26 M ⊙ above 16,000 km s −1 in a spherically symmetric shell. The dotted line in Fig. 14 shows the model, using the same input parameters and abundances as before, but with the higher density. The improvements compared to the model without a density enhancement are striking. The combined feature of Ca ,H&K, and Si  λ3856 Å, as well as the Si  λ4130 Å line, are reproduced very well, both in absorption depth and velocity. The Mg  λ4481 Å line is somewhat too shallow, but now it is at the correct wavelength. Si  at λ4560 Å is strongly reduced compared with the low-density model, while the Si  λ5045 Å line is deeper and fits the observations very well. The S  absorption between 5090 Å and 5660 Å is slightly weaker, but it still is at the right place, and a significant absorption due to Si  λ5960 Å is visible. Lower temperatures in the outer layers, in comparison with those near the photosphere, allow this line to be formed. The main Si feature, Si  at λ6350 Å, is still not deep enough, but the model shows the high-velocity component that is not present in the low-density model. The effect of an increased density can be seen nicely for O  λ7772 Å. This line was completely absent in the model without a density enhancement, but now the model matches the observed line profile almost perfectly.
The model near maximum light shows a similar change when the density is increased in the same way as for the model at the early epoch. All lines are shifted bluewards. The Si  lines at 3856 Å and 6350 Å are comparable to the observations. Fe  at 4420 Å comes in and dominates the feature observed at ∼ 4250 Å. The Si  complex at 4560 Å is still a little bit too strong but represents the observed line much better. A fairly strong absorption near 4750 Å is caused by Si  5041, 5056 Å. In the model it appears to be formed at velocities that are too high. The same applies to the main Si  feature at 6350 Å, which is blue-shifted with respect to the observations. Even with an increased density, there is not enough absorbing mass to reach the depth of the O  λ7772 Å line. Also the Ca  IR-triplet is underestimated in the model. A higher Ca abundance, however, would also increase the absorption depth of Ca ,H&K, which is already too strong.
From the analysis using synthetic spectra, it can be concluded that SN 2004dt contains an unusually high Si abundance, since almost every prominent feature in the spectra is dominated by transitions of this element. This applies not only to the early epochs but also to the spectrum near maximum light, when usually Si high-velocity components tend to disappear. The analysis of the observations has already shown the significant high-velocity absorptions in almost every line except for the S  and Si  lines. Modeling those spectra has confirmed that, and proved that models with classical density profiles do not contain enough material in their outer regions to reproduce the observations. Objects like SN 2004dt clearly show in the spectral features the effects of 3-D structures in the expanding ejecta, and so, they are a very strong hint of aspherical explosion scenarios.
Discussion and conclusions
SN 2004dt clearly differs from most 'normal' SNe Ia with respect to line velocities. The observed high-velocity absorption can be reproduced in synthetic spectra only when the density is increased significantly above ≈ 15, 000 km s −1 with respect to models that fit the spectra of less extreme HVG SNe (Stehle et al. 2005) . Global enhancement may be a property of the explosion or the result of interaction with circumstellar material (CSM) (Gerardy et al. 2004; Mazzali et al. 2005b ). In both cases, a spherically symmetric situation is unlikely: a density enhancement would require a mass ≈ 0.26 M ⊙ , while the added mass in the case of interaction would be even larger since the CSM would probably be dominated by elements such as H and/or He. A possibility is that the outer ejecta are shaped by rising finger-like structures produced in the burning and that these may interact with CSM. The ubiquitous presence of HVFs in the earliest spectra of SNe Ia (Mazzali et al. 2005a ) was reproduced by 3-D spectrum synthesis models assuming a limited number of blobs (6 to 12) of large angular size at v ∼ 18000−25000 km s −1 (Tanaka et al. 2006) . If one such blob happened to cover the early-time photosphere of SN2004dt almost completely, the observed line profiles may be recovered, while the total mass of high-velocity material would not exceed ∼ 0.1 M ⊙ .
The idea of finger-like or blob structures can probably be extended to all HVG SNe. SN 2004dt is a member of a group of SNe Ia with unusually high-velocity absorption lines, indicating ejecta moving 4000-5000 km s −1 faster than the velocities typically measured in most SNe Ia at the same phases (Leonard et al. 2005) . Other SNe in this class include SN 1981B, SN 1983G, SN 1984A, SN 1989B, SN 1991M, SN 1995al, SN 1997bp, SN 2002bo, SN 2002bf, SN 2002dj, SN 2002er (see also Benetti et al. 2005) , 2005cf (Pastorello et al. 2007; Garavini et al. 2007 ). In the case of SN 2002bf, the spectropolarimetric data of Leonard et al. (2005) show similarities with SN 2004dt.
From the analysis of the spectropolarimetry, Leonard et al. (2005) favor clumpiness of the outer layers. Clumpiness of the ejecta is also supported by Wang, Baade & Patat (2007) , who find that the greater the line polarization (i.e. clumpiness), the faster the decline and the less luminous the SN. Due to the clumpy structure of the ejecta, projection effects may alter the observed polarization, suggesting that the peak luminosity/decline rate relationship in the light curves of SNe Ia could be explained by the varying clumpiness of the ejecta, combined with the viewing angle. Remarkably, SN 2004dt deviates significantly from the correlation between the degree of polarization across the Si  λ6355Å line (P S iII ) and the decline rate ∆m 15 (B) found by Wang, Baade & Patat (2007) , confirming its peculiarity. The same authors suggest that projection effects may account for this deviation. Clumpiness has also been observed in the remnant of Tycho's SN (Badenes et al. 2005) . Although based on just 1-D modeling of the ejecta, our own results point in the same direction.
It is still unclear what type of explosion is most suitable for producing intrusions of intermediate-mass elements moving at high velocities into (or above) outer layers of unburned O and C. Subsonic burning, the defining characteristic of deflagration models of the explosions, can reproduce such mixing, whereas detonation models are thought to burn the outer layers without producing clumps. A possible exception to the latter could be the model of Plewa et al. (2004) , where the intrusion of high-velocity, intermediate-mass elements would come from the same rising plume that triggers a detonation in the outer layers (Kasen & Plewa 2005) . However, the presence of a single blob would be at odds with the presence of HVFs in all SNe Ia.
The combination of the spectroscopic and photometric observations of SN 2004dt with 1D modeling of the ejecta and of the corresponding spectra presented here strengthens the conclusions from independent spectropolarimetric analyses of this and similar SNe Ia. It equally stresses the need for realistic 3-D models of the explosion to deal with current and future data, and also the importance of early observations, both spectroscopic and spectropolarimetric.
